In this paper, we investigate three symmetry breaking effects in strong and radiative decays of strange heavy mesons. We study 1/m Q corrections within the heavy quark effect theory, as well as SU (3) and SU (2) symmetry breakings induced by light-quark mass differences and the η − π mixing vertex. These effects are studied in a covariant model. The numerical results show that the 1/m Q corrections of the coupling constants are consistent with α s Λ QCD /m Q . The SU (3) symmetry violating effect of the strong coupling constant is obviously larger than that of the magnetic coupling constant. The value of the η − π mixing vertex has some changes because of the renewed data. As compared with the other theoretical calculations and the experimental data, our radiative decay rates are much larger than those of the other theoretical methods, except for χPT; however, our branching ratios are close to the experimental data.
I. INTRODUCTION
For excited strange heavy mesons (D * s , B * s ), pion and/or photon emissions are the dominant decay modes which determine their lifetimes [1] . Of these decay modes, the radiative decay, D only. Moreover, the LFQM is not capable of handling the so-called Z-diagrams [20] . In Ref. [19] , a covariant light-front model of heavy mesons has been suggested. However, the approach taken there is not systematic, and light-quark currents are not considered.
To overcome the drawbacks mentioned above, a covariant field theoretical model has been proposed for the heavy meson bound state problem [21] [22] [23] . This model is fully covariant and satisfies HQS; at the same time, it retains the simplicity of the quark model picture.
This theory allows us to formulate theoretical calculations in terms of the standard Feynman diagrams. Therefore, the lack of Z-diagrams in the ordinary LFQM is no longer a problem.
Combining this model with HQET, we can systematically study various 1/m Q corrections to heavy meson properties in the framework of perturbative field theory.
In the other extreme, due to the relatively small light-quark masses (m u , m d , m s ), the light-quark sector of the QCD Lagrangian obeys an approximate SU(3) L × SU(3) R chiral symmetry [24] . Due to the spontaneous breaking of the chiral symmetry, there exist eight pseudoscalar bosons (called Goldstone bosons, which include three π's, four K's, and one η), whose dynamics obeys the SU(3) L × SU(3) R chiral symmetry. If we want to study the low-energy interactions of heavy hadrons and Goldstone bosons, we need to build an effective theory that obeys both chiral and heavy quark symmetries. This was done in references [25] [26] [27] [28] [29] , where chiral symmetry and HQS were synthesized in a single effective chiral Lagrangian which described the strong interactions between heavy hadrons and Goldstone bosons. The theory has since been extended to incorporate electromagnetic interactions as well [28] [29] [30] [31] [32] .
In principle, the effective chiral Lagrangian provides an ideal framework in which to study the strong decay mode. However, symmetry considerations alone, in general, do not lead to quantitative predictions, unless further assumptions are made to extract the values of the various coupling constants appearing in the Lagrangian. Furthermore, the framework of an effective chiral Lagrangian does not allow for a systematic discussion of HQS violating 1/m Q effects, which is important for a thorough understanding of heavy quark physics. In fact, in the heavy-light (Qs) system, there are three different types of symmetry breaking mechanisms: (1) HQS breaking from 1/m Q corrections, (2) SU(3) symmetry breaking due to strange quark mass (m s = m u,d ), and (3) SU(2) symmetry breaking due to the up-down quark mass difference (m u = m d ). The purpose of this paper is to systematically study these symmetry breaking effects in a covariant model for the strong and radiative decays of strange heavy mesons.
The paper is organized as follows. In Sec. II, we briefly review the covariant model, which is based on HQET. Some heavy meson properties in the heavy quark limit and 1/m Q corrections are considered. The numerical calculations and discussions are expressed in Sec.
III. In Sec. IV, we make some concluding remarks.
II. FORMALISM
The covariant model starts from HQET in the heavy quark limit (m Q → ∞) and describes a heavy meson as a composite particle, consisting of a reduced heavy quark coupled with a brown muck of light degrees of freedom. It is formulated in an effective Lagrangian approach, so that it is fully covariant, and we can use Feynman diagrammatic techniques to evaluate various processes.
A. Covariant model
Using the 1/m Q expansion to the heavy quark QCD Lagrangian [6, 7] , the QCD Lagrangian for heavy and light quarks plus gluons can be written as L = L 0 + L m Q , where 
where Φ v represent the composite pseudoscalar heavy meson fields which appear only as external states,Λ ≡ lim
is their residual mass in the heavy quark limit,
Feynman rules in the heavy quark limit.
represents collectively the degrees of freedom in a heavy meson, where F is a form factor whose presence is expected for an effective interaction resulting from the non-perturbative QCD dynamics, and G is the normalization constant given by
At this point, we note that F (v·p) is analogous to the meson wave function in the LFQM, and G is the corresponding normalization constant. To explicitly evaluate G and other physical quantities, we need to specify the structure function F (v · p), which is unfortunately not calculable from first principles. Nevertheless, from the constraints that F does not depend on the heavy quark residual momentum and it forbids on-shell dissociation of the heavy meson into Qq, a plausible form for F is:
where the function ϕ(v · p) does not have a pole at v · p =Λ.
Within this framework, hadronic matrix elements are calculated via standard Feynman diagrams where heavy mesons always appear as external legs. The Feynman rules for this effective theory are shown in Figure 1 . Figure 1 , this model will work well. After building a covariant framework to describe heavy meson structures, we go on to evaluate some of the basic heavy meson properties. These include the decay constant, the 1/m Q corrections of the heavy meson mass, and the axial-vector and electromagnetic coupling constants of strange heavy mesons.
B. Decay constants and 1/m Q corrections of the heavy meson mass
Consider the heavy meson decay constants defined by:
The Feynman diagram to be evaluated is illustrated in Figure 2 . Using the Feynman rules in Figure 1 , the matrix element is evaluated as: 8) where N c = 3 is the number of colors, while √ N c arises from the color wave function of meson, (rr + gḡ + bb)/ √ N c , and Γ M = iγ 5 (− ǫ) for a pseudoscalar (vector) heavy meson; the corresponding weak current vertex is Γ µ = γ µ γ 5 (γ µ ). Here, as mentioned in the last subsection, the meson field is represented by the form factor F . Thus, the decay constant in the heavy quark limit is given by:
We find that this decay constant is the same for pseudoscalar and vector heavy mesons, which is in accord with the prediction of HQS.f M is related to the usual definition of decay 
where
is the gluon field strength tensor. contributions:
is a color factor and T
1,2
M are defined by:
and λ
are the same for both pseudoscalar and vector mesons. The hyperfine mass splitting is obtained :
First, we study the zero order of strong coupling constants. An effective Lagrangian of pseudoscalar (P ) and vector (V ) mesons and their couplings to the Goldstone bosons is constructed as [27] : where
is the (axial) vector field:
ξ is defined as ξ ≡ e iM/fπ , M is a 3 × 3 matrix for the octet of Goldstone bosons:
and f π is the pion decay constant. Through the partial conservation of axial-vector current (PCAC), a soft pion amplitude can be related to a matrix element of the axial-vector current
γ µ γ 5 ψ as:
From the chiral Lagrangian, we obtain:
On the other hand, the matrix element on the right hand side of Eq. (2.22) can be evaluated in the covariant model. The Feynman diagram to be evaluated is illustrated in Figure 5 , and the relevant Feynman rules are illustrated in Figure 1 . The result is: 24) where the χ are SU(3) wave functions of the heavy mesons and 
Similarly, we can evaluate M α . Then a comparison with the chiral Lagrangian result shows:
The above calculation can be repeated for Γ Q = Γ Q2 . We find that δf 2 is given by:
where Figure 6 (c) corresponds to the contribution from the heavy quark kinetic energy. For V → P π, the matrix element can be simplified as:
Therefore, we obtain the strong coupling constant, including the 1/m Q corrections, as:
D. Magnetic coupling constant
We now consider the coupling constant which governs the decay V → P γ. The relevant lowest-order chiral and gauge-invariant Lagrangian is given by [32] :
is the light-quark charge. In the m Q → ∞ limit, the Feynman diagram to be calculated is similar to Figure 5 , except that the axial-vector current A a µ is replaced by the light-quark electromagnetic current j µ = ee qψq γ µ ψ q . The result is:
where 37) and Next, we calculate 1/m Q corrections to the magnetic coupling d corresponding to V → P γ. The relevant Feynman diagrams are shown in Figure 6 with Γ α = iee q γ α . For V → P γ, 
where 40) and for
For Figure 6 (c), we obtain:
In radiative decay, there is an additional 1/m Q correction which comes from the magnetic moment of the heavy quark. The matrix element of this process is:
From the normalization condition given in Eq. (2.6), we obtain:
Including the above results, we can write:
III. NUMERICAL RESULTS AND DISCUSSION
For obtaining numerical results, we shall further assume the form of ϕ(v · p):
is an analytic function apart from isolated singularities in the complex plane, and (ii) it vanishes as |v · p| → ∞. These two conditions allow us to evaluate the p 0 − (or p − −) integrations in Eq. (2.6) by Cauchy's Theorem. Thus, we take:
which was used in a previous work [33] . There are some parameters (m s , m Q , ω, α s ) in this covariant model, and we follow the strategy described below to fix them. In a quark model, flavor SU(3) symmetry is broken because the strange quark mass (m s ) is quite different from the up or down quark mass (m u,d ). However, the size of the difference,
is not accurately known. For current quark masses, the value of δm q was quoted as δm q (µ = 1 GeV) ≃ 190 MeV [34] and δm q (µ = 2 GeV) ≃ 90 MeV [1] in the different renormalization scales. On the other hand, for constituent quarks in a relativistic quark model, one typically gets [35] :
Because δm q is an important parameter in our calculations, using the variant values in the above range will leading to the quite different results. This will slash our predictive ability.
Here we use the constraint thatΛ s is independent of the heavy quark mass to obtain the value of δm q . In other words, δm q is no longer a free parameter. The processes are as follows:
we first quote the value m u,d = 0.245 GeV from the previous work and try the initial value with δm q = 140 MeV. Subsequently, we take the charm quark mass and the quark-gluon coupling to be the same as that for the non-strange charm meson [33] , and choose an ω to calculate λ After fixing ω, we take the bottom quark mass and the quark-gluon coupling to be the same as that for the non-strange bottom meson [33] to estimate the other hyperfine mass splitting, ∆M B * s Bs . In addition, using Eq. (2.11), we can determine two values ofΛ s for both the charm and bottom sectors. BecauseΛ s is independent of the heavy quark mass, the above processes are repeated by fine-tuning the value of δm q until the two values ofΛ s are the same. Finally, the decay constant in the heavy quark limit,f Ms , can also be evaluated in terms of Eq. (2.9). These results are listed in Tables I and II . First of all, we see that the choice of ϕ n (n = 8, 10, 12) makes very little difference. The value of δm q = 215 ∼ 225 MeV is close to the typical light-quark mass, Eq. (3.3), used in a relativistic formalism [35] . The hyperfine mass splitting ∆M B * s Bs is consistent with the average data: ∆M ave B * s Bs = 46.1 ± 1.5 MeV. However, the value of α s in B s meson seems to be rather larger than the one which is determined by the perturbative evolution equation (at the one-loop level in the MS scheme): for N f = 4, and α s (M Z ) = 0.119 from experimental fits. The reason is that [7] if the gluons which coupling to the heavy quarks are hard (i.e., the virtual momenta is of order of the heavy quark mass), they can resolve the nonlocality of the propagator of the small component fields ). As to the reduced mass, we compareΛ s = 0.281 ∼ 0.290 GeV with that of the non-strange heavy meson, Λ = 0.202 ∼ 0.210 GeV [33] , and find that the residual mass difference is only about 80
MeV, in contrast to δm q = 215 ∼ 225 MeV. This can be understood as follows. Due to its heavier mass, the strange quark is more tightly bound than an up or down quark; thus, part of the mass difference δm q is compensated for by a larger binding energy of the (Qs)-system.
We can then obtain the predicted meson decay constant f Ms by using f Ms =f Ms / M Ms and the ratio f Ms /f M :
where the value f M ≃ f B = 194 ± 9 MeV (an average of the results [36, 37] and [39, 40] f Bs = 225.6 ± 18.3 ± 3 MeV, f Bs f B = 1.184 ± 0.023 ± 0.007, (3.8) and the lattice QCD calculation results [41] of f Bs = 224(5) MeV, f Bs f B = 1.205 (7), (3.9) are shown here. In Tables I and II, (3) breaking is severe for f s , but less so for d s (see Table IV ). The reason for . Therefore, the SU(3) breaking of d s has been reduced by the factor m s in the denominator.
The study of SU(3) breaking in chiral perturbation theory follows a different route, in which SU(3) symmetry is assumed at the tree level and symmetry breaking effects are induced via meson loops (see [44] for details). Thus, from Figure 7 (a) we have:
where Z 1 and Z 2 are, respectively, the wave function and vertex renormalization constants, φ denotes a Goldstone boson, and f 0 is the unrenormalized coupling constant. The Zs have all been evaluated in [29] . Putting in the numbers in (3.12), we obtain:
for f 0 = 0.52, which fits to the experimental data for non-strange mesons [29] . Thus, we see that in chiral perturbation theory, SU(3) breaking in the strong coupling constant is not large, with:
This is very different from what we found in the covariant model. As for the radiative decay constants in chiral perturbation theory, we have (see Figure 7 (b)):
where d 0 is the unrenormalized transition magnetic moment, and d 0 = 0.394 GeV −1 is obtained from fitting to the branching ratios of D * → Dγ [29] . Putting the numbers in (3.14), we obtain d = 0.436 GeV −1 , d s = 0.575 GeV −1 and
The latter one is close to that of our model:
Finally, we consider the decay widths Γ(D
s → B s γ) and the ratio: 15) which is known to be r s = 0.062 ± 0.008 experimentally [1] . Note that the decay mode
violates isospin or SU(2) symmetry, and it must proceed via η − π mixing in the leading order [45, 46] , as depicted in Figure 8 (a) , where H ηπ = π 0 |H em |η is the η-π mixing vertex. 
The strength of the η-π mixing interaction, H ηπ , can be calculated in various models [47] .
Here we chose to utilize the experimental rates of η → 3π As to the amplitude of η → 3π 0 , a fit of the data in Ref. [1] shows M η→3π 0 to be essentially constant over phase space:
, where z is the square of the relative distance to the center of the Dalitz plot and α = −0.0315 ± 0.0015. Then the three-body phase space integral for constant amplitude was estimated in Ref. [48] :
Combining Eqs. (3.18) and (3.19), we obtain the constant amplitude:
On the other hand, from the current-algebra PCAC [49] , the total amplitude of η → 3π 0 is summing the three cyclic permutations of Figure 9 [50, 51] : [51] obtained:
, where φ is the mixing angle: |η = cos φ|nn − sin φ|ss , 22) with |nn = (|ūu + |dd )/ √ 2, and the third term of Eq. (3.21) is negligible. The mixing angle can be determined by a theory of particle mixing [53] : 
This value is different from that of Ref. [51] : H ηπ = −5900 ± 600 MeV 2 , the chief reason being that the new experimental data in Eq. (3.18) is used. Then, using the f s and d s obtained in Table III , we can predict the ratio r s and the relevant decay widths in Table V. For the different ϕ n , the deviations of the decay rate are about 5 ∼ 6 times larger than those of r s . The main reason is that the decay rate Γ(D * s → D s γ), for example, can be simplified as: 25) where the minus sign comes from the charge of the s quark. On the other hand, the ratio r s can be simplified as:
is again applied. In other words, the deviations of r s for the different ϕ n are suppressed strongly because d s is approximately proportional to f s . Finally, we list the predicted decay rates and branch ratios within this work (n = 8) and some theoretical models in Table VI . For comparison, the experimental data are also included. We can find that, first, our branching ratios and r s are close to the experimental data. (3.25) and (3.26), we find that if one adjusts the d s to reduce the value of Γ(D * s → D s γ) to one-tenth, the value of r s will be enhanced to about 3 ∼ 4 times that of the experimental data. In other words, the fact that our r s is close to the experimental data gives us confidence in our results and the validity of our covariant framework.
IV. CONCLUSIONS
Based on HQET, we have discussed the strong and radiative coupling constants of strange heavy mesons in 1/m Q corrections and SU(3) symmetry breakings. These effects were studied using a fully covariant model. The covariant model starts from HQET in the heavy quark limit and describes a heavy meson as a composite particle, consisting of a reduced heavy quark coupled with a brown muck of light degrees of freedom. It is formulated in an effective Lagrangian approach, so that it is fully covariant, and we used Feynman diagrammatic techniques to evaluate the various processes.
The parameters of this model, m s and ω, were chosen to fit the data of the hyperfine mass splitting, ∆M D * s Ds , and because the residual massΛ s is independent of the heavy quark mass. Then the other hyperfine mass splitting ∆M B * s Bs ,Λ s and the decay constant in the HQ limit can be calculated. Our ∆M B * s Bs was consistent with the data. The residual mass difference betweenΛ s andΛ was only about 80 MeV, and obviously smaller than that between the s and u, d quarks. This is understood as follows. Due to its heavier mass, the strange quark is more tightly bound than an up or down quark; thus, part of the mass difference between the s and u, d quarks is compensated for by a larger binding energy of the (Qs)-system. The SU(3) symmetry breaking effect f Ms /f M is close to the f Bs /f B of the QCD sum rules [38] [39] [40] and the lattice QCD calculation [41] results. In other words, the fact that our r s is close to the experimental data gives us confidence not only in the validity of our covariant framework, but also in our predictions about the decay 
